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Terminally differentiated stratified squamous epithe-
lium forms a lining of the plasma membrane called
the cornified cell envelope, a thick layer of several
covalently cross-linked precursor proteins including
involucrin, small proline-rich proteins, and loricrin.
Their cross-linking isodipeptide bonds are formed
by epidermal transglutaminases 1–3. Material from
lamellar granules is attached on the extracellular sur-
face of corneocytes during the keratinization process.
The formation of cornified cell envelope and sequential
expression of major cornified cell envelope precursor
proteins, transglutaminases, and 25 kDa lamellar
granule-associated protein were studied in human
embryonic and fetal skin. Ultrastructurally, membrane
thickening has already started in periderm cells
of the two-layered epidermis and an electron-
dense, thickened cell envelope similar to cornified cell
envelope in adult epidermis is observed in periderm
cells at the three-layered and later stages of skin
development. In the two-layered epidermis (49–65 d
estimated gestational age), immunoreactivities of
involucrin, small proline-rich proteins, all the trans-
glutaminases, and lamellar granule-associated protein
One of the striking events during the process ofterminal differentiation in stratified squamous epi-thelia such as the epidermis is the formation of a15 nm thick layer of protein on the inner surfaceof the cell membrane, termed the cornified cell
envelope (CCE) (Hohl, 1990; Greenberg et al, 1991; Reichert
et al, 1993). In addition, during the final differentiation of keratino-
cytes, the extracellular surface of the plasma membrane of cornified
cells is coated with material derived from lamellar granules (Odland
and Holbrook, 1981; Elias, 1983).
The CCE is now known to be assembled by the accumulation
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were present only in the periderm. In the three-
layered epidermis and thereafter (66–160 d estimated
gestational age), loricrin became positive in the peri-
derm cells, transglutaminases extended to the entire
epidermis, and lamellar granule-associated protein was
detected in intermediate cells as well as periderm cells.
Immunoelectron microscopy demonstrated that both
major cornified cell envelope precursor proteins, invol-
ucrin and loricrin, were restricted to the cornified cell
envelope in periderm cells at this stage of development.
After 160 d estimated gestational age, the periderm
had disappeared and cornified cell envelope proteins
and lamellar granule-associated proteins were
expressed in the spinous, granular, and cornified cells
and transglutaminases were detected in the entire
epidermis. These findings indicate that cornified cell
envelope precursor proteins, transglutaminases, and
lamellar granule-associated proteins are expressed in
coordination in periderm cells during human epi-
dermal development and suggest that periderm cells
form cornified cell envelope in the process of regres-
sion. Keywords: involucrin/loricrin/small proline-rich pro-
teins/transglutaminase. J Invest Dermatol 112:903–909, 1999
of involucrin (Rice and Green, 1979; Eckert et al, 1993), several
small proline-rich proteins (SPRP) (Kartasova and van den Putte,
1988; Backendorf and Hohl, 1992; Marvin et al, 1992; Gibbs et al,
1993), loricrin (Mehrel et al, 1990; Hohl et al, 1991; Yoneda et al,
1992; Yoneda and Steinert, 1993), and several other proteins
(Steven and Steinert, 1994; Steinert and Marekov, 1995). Although
the order of deposition and even the amount of these structural
proteins have not yet been fully established, it is clear that they are
cross-linked together by the formation of Nε-(γ-glutamyl) lysine
isodipeptide bonds catalyzed by the action of at least two different
transglutaminases (TGase) expressed in the epidermis, TGase 1 and
2 (Hohl, 1990; Greenberg et al, 1991; Hohl et al, 1991; Reichert
et al, 1993).
In a previous study in newborn mice, expression of loricrin, one
of the major precursor proteins of CCE, was confined to the upper
spinous and granular layers (Mehrel et al, 1990) and followed the
expression of keratins 1 and 10, occurring at approximately the
same stage of differentiation as filaggrin expression (Rothnagel et al,
1987; Mehrel et al, 1990). During fetal skin development in mice,
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Figure 1. Ontogeny of human developing epidermis. (a) One cell-
layered epithelium (,40 d EGA). (b) Two-layered epidermis (40–65 d
EGA). (c) Three-layered, stratified epidermis (66–95 d EGA). (d) Four-
layered or more stratified epidermis (96–160 d EGA). (e) Epidermis showing
interfollicular keratinization (.160 d EGA). Arrowheads, periderm.
loricrin expression was reported to follow the expression of keratins
1 and 10 and to precede the expression of profilaggrin (Yoneda
and Steinert, 1993; Bickenbach et al, 1995). There have been no
reports, however, of a detailed examination of the sequential
expression of the molecules associated with CCE formation in the
periderm and the epidermis during human skin development. Many
studies (Breathnach and Wyllie, 1965; Wolf, 1967a, b, c; 1968a, b;
Hoyes, 1968; Holbrook and Odland, 1975) have yielded consider-
able data about the nature of the uppermost epidermal layer, the
periderm, during human epidermal development. We still do not,
however, understand the role of periderm nor the mechanism of
its regression. The periderm first appears as a layer of simple
squames, undergoes a series of changes which alter both the surface
morphology and the cellular organization, and then disappears
when epidermal keratinization is completed (Holbrook and Odland,
1975) (Fig 1).
In the present study, we examined human fetal skin samples
from 49 to 163 d estimated gestational age (EGA) using immuno-
staining to determine the exact timing and the sites of expression
of CCE precursor proteins, 25 kDa lamellar granule-associated
protein (LGP) and TGase 1–3 in the periderm and the underlying
epidermis during epidermal morphogenesis.
MATERIALS AND METHODS
Tissue Human fetal tissue was acquired through the Central Laboratory
of Human Embryology at the University of Washington, Seattle, with the
approval of the Human Subjects Review Board and in accordance with
the United States DHEW policies. Human embryonic and fetal skin
specimens were obtained from aborted fetuses of 49–163 d EGA. The
numbers of the embryos and the fetuses and the ages were as follows: four
embryos (49–65 d EGA, two-layered epidermis), five fetuses (66–95 d
EGA, fetal stratified three-layered epidermis), five fetuses (96–160 d EGA,
four-layered or more epidermis), and two fetuses (.160 d EGA, epidermis
showing interfollicular keratinization). Skin specimens were taken from
the trunk and scalp and processed for observation. EGA was determined
from maternal histories, fetal measurements (crown rump and foot length),
and comparative histologic appearance of epidermis (Shepard, 1975;
Holbrook, 1979; Mercer et al, 1987).
Electron microscopy Skin autopsy and biopsy samples were fixed in
one-half strength Karnovsky’s fixative or 2% glutaraldehyde solution,
postfixed in 1% OsO4, dehydrated, and embedded in Epon 812 (Perry
et al, 1987). All the samples were serially sectioned, sampled every 10–
15 µm for light microscopy (1 µm thick), and thin sectioned for electron
microscopy (70 nm thick). The histologic sections were stained by the
method of Richardson et al (1960). The thin sections were stained with
uranyl acetate and lead citrate (Reynolds, 1963) and examined in JEOL
1200EXII transmission electron microscope in the transmission mode
at 80 kV.
Antibodies The primary antibodies to CCE proteins used in the present
study were rabbit polyclonal anti-human involucrin antibody (Biomedical
Technologies Inc., Stoughton, MA), rabbit polyclonal anti-human SPRP
2 antibody, 1B (Hohl et al, 1995), and rabbit polyclonal anti-human SPRP
3 antibody, 4A (Hohl et al, 1995), and rabbit polyclonal anti-human loricrin
antibody (Mehrel et al, 1990). Goat polyclonal antibody against human
recombinant TGase 1 (major variant) (Kim et al, 1992) whose epitope(s)
is located in the central core of TGase 1 (Kim et al, 1995), rabbit polyclonal
anti-TGase 2 and rabbit polyclonal anti-TGase 3 antibodies (Tarcsa et al,
1997) were also used. In addition, mouse monoclonal anti-LGP antibody,
AE17, a generous gift of Dr. W. Michael O’Guin, was employed (O’Guin
et al, 1989).
Immunofluorescent labeling Six micrometer thick sections of fresh
fetal skin cut with a cryostat were used. The sections were incubated in
primary antibody solution for 1 h at 37°C. Antibody dilutions were as
follows; 1:1 for anti-involucrin, 1:200 for anti-SPRP 2 antibody, 1:500 for
anti-SPRP 3 antibody, 1:50 for anti-loricrin antibody, 1:10 for anti-TGase
1 antibody, 1:50 for anti-TGase 2 and anti-TGase 3 antibodies, and 1:2
for AE17. The sections were then incubated in fluorescein isothiocyanate-
conjugated to rabbit anti-mouse immunoglobulins, goat anti-rabbit
immunoglobulins, or rabbit anti-goat immunoglobulins diluted 1:100
(DAKO, Glostrup, Denmark) for 30 min at room temperature, followed
by 10 µg per ml propidium iodide to counterstain nuclei (Sigma, St. Louis,
MO) for 10 s. The sections were extensively washed with phosphate-
buffered saline between incubations. The stained sections were mounted
with a coverslip in 50% glycerol mounting medium and observed by
epifluorescence microscope.
Post-embedding immunoelectron microscopy using cryofixation
and cryosubstitution without chemical fixative Post-embedding
immunoelectron microscopy using cryofixed and cryosubstituted skin
specimens was carried out as described previously (Shimizu et al, 1989),
with slight modification. Briefly, skin specimens from a fetus at 91 d EGA
were cryoprotected with 15% glycerol/phosphate-buffered saline (PBS) at
4°C for 30 min and cryofixed by plunging them into liquid propane
cooled to –190°C, followed by cryosubstitution (CS-auto, Reichert-Jung,
Wien, Austria) with acetone at –80°C for 120 h. They were then embedded
in Lowicryl K11M (Chemische Werke Lowi, Waldkraiburg, Germany)
at –60°C. The specimens were polymerized by ultraviolet irradiation at –
60°C for 72 h and at room temperature for another 72 h. Ultrathin sections
were incubated for 2 h at 37°C with a primary antibody. Dilutions of
primary antibodies were 1:4 for anti-loricrin antibody and 1:10 for anti-
involucrin antibody. After being washed, each section was placed on a
drop of 1 nm gold-labeled goat anti-mouse or rabbit immunoglobulins
(Amersham International, Buckinghamshire, UK) diluted 1:40 at room
temperature for 2 h, and then washed with distilled water. For easier
observation, the 1 nm gold particles were enlarged by incubation with
immunogold silver-enhancement solution (Amersham International) at
room temperature for 6 min (for observation at high magnification) or
10 min (for observation at low magnification) (Shimizu et al, 1992). The
sections were counterstained with saturated uranyl acetate and lead citrate
for 6 and 2 min, respectively.
RESULTS
In the two-layered epidermis (49–65 d EGA), TGase 1–3,
involucrin and SPRP2/3, but not loricrin, were expressed
in the cell periphery of the periderm Periderm cells of the
two-layered epidermis had a flat cell membrane 7–9 nm thick in
the early period. Periderm cells showed thickening of their cell
membrane thereafter (Fig 2a). No thickening was observed in the
cell membrane of basal cells in this stage. Immunoreactivities of
involucrin and SPRP2/3 were seen in the periderm cells with
some potentiation in the cell periphery, but not in the basal cells
in the two-layered epidermis (49–65 d EGA) (Fig 3a, e). Loricrin
immunoreactivity was not observed in either the periderm cells or
the basal cells (Fig 3i). TGase 1–3 immunoreactivities were seen
strongly in the periderm and weakly in the basal cells (Fig 4a, e,
i). LGP detected by AE17 antibody was seen only in the periderm
cells (Fig 5a).
In the three-layered and more epidermis (66–160 d EGA),
TGase 1–3, CCE precursor proteins, and LGP were strongly
expressed in the periderm cells Periderm cells of the three-
layered, stratified epidermis (66–95 d EGA) had thickened cell
membrane (Fig 2b). Involucrin immunoreactivity was observed in
both the periderm cells and the intermediate cells in the three-
layered, stratified epidermis (66–95 d EGA) (Fig 3b). Loricrin and
SPRP2/3 were seen only in the periderm cells (Fig 3f, j). The
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Figure 2. Thickening of cell membrane of periderm cells in the
developing epidermis. (a) Two-layered stage (49–65 d EGA). (b) Three-
layered stage (66–95 d EGA). (c) Four-layered or more stage (96–160 d
EGA). (d) The stage of interfollicular keratinization (.160 d EGA).
Membrane thickening has already started in periderm cells of the two-
layered epidermis (a) and electron-dense, thick cell envelope similar to
CCE in adult epidermis is observed in the periphery of periderm cells in
the three-layered stage (b) and four-layered or more stage of epidermis (c).
After the regression of periderm, CCE is seen in the cell periphery of the
cornified cells of the keratinized interfollicular epidermis (d). Scale
bar: 0.3 µm.
Figure 3. Expression of CCE precursor proteins in developing human epidermis. The periderm cells (arrowheads) are positive for involucrin and
SPRP detected at the stage of embryonic 2-layered epidermis (a, e). The periderm cells (arrowheads) are stained for loricrin after formation of three-layered
epidermis (j). Involucrin immunoreactivity is also seen in the upper intermediate cells of the late stage of stratified epidermis (c). Each of the three CCE
precursor proteins are expressed in the granular cells and the cornified cells of keratinizing epidermis (d, h, l). Involucrin (a–d), SPRP2 (e, h), SPRP3 (f,
g), and loricrin (i–l) immunolocalizations are demonstrated with FITC (green) and nuclei are stained with propidium iodide (red). (a, e, i) Embryonic
two-layered epidermis (49–65 d EGA); (b, f, j) fetal stratified three-layered epidermis (66–95 d EGA); (c, g, k) four-layered or more epidermis (96–160 d
EGA); (d, h, l) epidermis showing interfollicular keratinization (.160 d EGA). Scale bars: 50 µm.
staining of all the four CCE precursor proteins in the periderm
was relatively stronger in the cell periphery. All three TGase were
detected in the entire epidermis, although the labeling for TGase
1 and 3 in the basal cells was weaker than that of upper epidermis
(Fig 4b, f, j). AE17-positive LGP was observed in the intermediate
cells and the periderm cells and sharp, linear staining was seen in
the subperidermal area (Fig 5b).
In four-layered or more stratified epidermis (96–160 d EGA),
electron-dense, thickened cell membrane about 15 nm in thickness,
the same thickness as that of the cornified cells of human adult
epidermis, was seen in periderm cells (Fig 2c), although complex
blebs and microvilli were prominent in the cell periphery of
periderm cells. In this stage of epidermal development, not only
the periderm cells but also the upper intermediate cells were positive
for involucrin, although loricrin and SPRP2/3 immunoreactivities
restricted to the periderm cells (Fig 3c, g, k). Stainings for the
three CCE precursor proteins were stronger in the cell periphery
of the periderm cells at the light microscopic level. The entire
epidermis was immunohistologically positive for TGase 1–3,
although the staining for TGase 1 in the basal cells was weak
(Fig 4c, g, k). TGase 3 staining in the basal cells was weak in the
three-layered epidermis and was increased in four-layered or more
epidermis. TGase 1–3 remained in the periderm cells until the
regression of periderm cells and the onset of interfollicular keratiniz-
ation. Also in this stage, LGP was observed in the intermediate
cells and the periderm cells, and sharp, linear staining of this protein
was seen in the subperidermal area (Fig 5c).
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Figure 4. Expression of TGase in developing human epidermis. Epidermal TGase 1–3 are observed in the periderm cells (arrowheads) of embryonic
two-layered epidermis, although the basal cells are negative for the TGase in the stage of development (a, e, i). TGase 1–3 immunoreactivities are detected
in all the layers of stratified, three-layered or more epidermis and keratinized epidermis (b–d, f–h, j–l). TGase 1 (a–d), TGase 2 (e–h), and TGase 3 (i–l)
immunolocalizations are labeled with FITC (green) and nuclear stain is performed with propidium iodide (red). (a, e, i) Embryonic two-layered epidermis
(49–65 d EGA); (b, f, j) fetal stratified three-layered epidermis (66–95 d EGA); (c, g, k) four-layered or more epidermis (96–160 d EGA); (d, h, l) epidermis
showing interfollicular keratinization (.160 d EGA). Scale bar: 50 µm.
Figure 5. Expression of LGP in developing human epidermis. LGP detected by AE17 antibody is seen in the late stage of indifferent epithelium.
In embryonic epidermis, only the periderm cells (arrowheads) are positive for LGP (a). Both the intermediate cells and the periderm cells are stained for
LGP in the stratified, three-layered or more epidermis (b, c). LG-associated protein is observed in the entire epidermis showing keratinization (d). Strong,
linear staining by AE17 (arrows) was seen in the subperidermal area (b, c) and between the cornified cells and the granular cells (d). AE17 antibody stain
(LGP) are visualized with FITC (green) and nuclear stain is done with propidium iodide (red). (a) Embryonic two-layered epidermis (49–65 d EGA); (b)
fetal stratified three-layered epidermis (66–95 d EGA); (c) four-layered or more epidermis (96–160 d EGA); (d) epidermis showing interfollicular
keratinization (.160 d EGA). Scale bar: 50 µm.
In theepidermis showing interfollicularkeratinization (>160d
EGA), all the TGase, CCE precursor proteins, and LGP were
expressed in the granular and cornified layers The periderm
disappeared and now the outermost keratinocytes of the inter-
follicular epidermis showedkeratinization (.160dEGA).The super-
ficial keratinized cells had thickened cell membrane, approximately
15nm in thickness, similar toCCE in cornified cells in adult epidermis
(Fig 2d). Involucrin, SPRP2/3, and loricrin were expressed in the
granular and cornified layers with a linear peripheral localization in
this stage (Fig 3d, h, l). Loricrin immunoreactivity was weak in the
cornified cells. The anti-TGase 1–3 antibodies stained the entire
epidermis, and TGase 1 and 3 showed diffuse cytoplasmic staining,
although the staining was stronger in the cell periphery (Fig 4d, h,
l). LGP was seen in the spinous, granular and cornified cells (Fig 5d).
Strong linear staining of this protein was observed between the
cornified cells and the granular cells.
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Figure 6. Ultrastructural localization of involucrin in the periphery
of periderm cells in developing human epidermis. Immunoelectron
microscopy reveals the deposition of involucrin to the cell membrane of
the periderm of three-layered epidermis (b, c), although the deposition is
sparse compared with that seen in adult skin (a). (a) Normal adult human
skin; (b) flat surface of the periderm of three-layered epidermis; (c) bleb
surface of the periderm of three-layered epidermis. Scale bar: 200 nm.
Immunoelectron microscopy confirmed the deposition of
CCE precursor proteins to the cell membrane of periderm
cells Immunoelectron microscopic observation of the fetal skin
in the stage of four-layered or more epidermis revealed that the
major CCE precursor proteins, involucrin (Fig 6) and loricrin,
were restrictively localized in the CCE both in the flat surface and
in the bleb of periderm cells.
DISCUSSION
In the present study, major CCE precursor proteins, involucrin,
SPRP2/3, and loricrin, were expressed in the periderm cells
ontogenically during human skin development. In addition, TGase
1–3 were expressed in the periderm from the stage of two-layered
epidermis and in the underlying epidermis from the stage of
three-layered epidermis. LPG was also detected from the stage
of two-layered epidermis in the periderm and, from the stage of
three-layered epidermis, in the underlying intermediate cell layer
of epidermis. These sequential expression patterns were associated
with the thickening of cell membrane of periderm cells revealed
by electron microscopy. These findings indicated that CCE is being
formed in the periderm cells from the stage of two-layered epidermis
by coordinated expressions of CCE precursor proteins, TGase 1–
3 and LGP in the developing human skin.
The formation of a structurally mature CCE occurs in several
steps (Eckert et al, 1993; Reichert et al, 1993; Steinert and Marekov,
1995; Ishida-Yamamoto et al, 1997a; Jarnik et al, 1998). Initially,
in response to an increase in the calcium concentration in the
cytoplasm of keratinocytes, epidermal TGase start cross-linking a
membrane-bound protein with a cytosolic precursor protein. Dur-
ing the first stage, a scaffolding is assembled from soluble precursors
such as involucrin. In the second stage, other precursors, including
SPRP and loricrin, are added to this scaffold. Finally, lipids are
covalently bound to the outer surface of the protein cell envelope
to form the complete water barrier. Our findings in the present
Figure 7. Model of structure of CCE in the human fetal periderm
cells. The innermost (cytoplasmic surface) consists of loricrin and SPRP.
These proteins are deposited over a scaffold of unknown structure that
consist of involucrin, cystatin α, and probably other yet unknown proteins.
Keratin filaments bound together by filaggrin are not associated with
peridermal CCE. The outer surface (intercellular surface) is coated with a
lipid envelope derived from lamellar granules.
study clearly demonstrate that CCE precursor proteins, epidermal
TGase and LGP are expressed at precise times during epidermal
development corresponding to distinct morphologic events.
The periderm cells undergo a remarkable series of changes in
morphology beginning at the time of the embryonic–fetal transition
and continuing until interfollicular epidermal keratinization. The
changes that occur in the later stages of peridermal morphogenesis
mimic some of the events of keratinization: the cells lose most of
their few organelles, the nucleus is rarely evident, and the cells fill
increasingly with loosely organized intermediate filaments. Thus,
it has been described as ‘an anomalously keratinizing keratinized
layer’ (Wolf, 1967a). In addition, these changes are similar to those
that occur in the first intermediate cells that undergo partial
keratinization. It is likely that initial cornification of the periderm
cells followed by keratinization of the epidermis protects the fetus
from immediate environmental alteration as the amniotic fluid
changes before birth. In this context, CCE formation in periderm
cells may have an important implication. Morphologically, a dense
band beneath the plasma membrane (structurally equivalent to
CCE) is seen before 90 d EGA (Holbrook and Odland, 1975). By
135 d EGA, all periderm cells demonstrated thickened cell mem-
brane as we showed in the present study, and the periderm cells
flatten and ‘regress’ just prior to keratinization. According to our
results, the order of CCE precursor protein expression in periderm
cells and, later, in the intermediate or granular cells during epidermal
development was consistent with the suggested order of deposition
of the precursor proteins in CCE formation in the adult epidermis,
i.e., involucrin first, followed by SPRP, and finally loricrin (Steinert
and Marekov, 1995). During this developmental process, TGase
were always expressed in the site of CCE formation. LGP was
detected in the periderm or intermediate cells at almost the same
time as the expression of involucrin and SPRP2/3. Finally, in the
regression stage of the periderm cells (96–160 d EGA), all three
TGase expressed in the periderm cells and all CCE precursor
proteins are abundant in the periderm and showed membranous
localization in the cell periphery. In addition, LGP was mainly
localized linearly between the granular cells and the periderm or
cornified cells. Thus, these results indicate that the process of CCE
formation during periderm regression and epidermal keratinization
are similar if not identical (Fig 7). This fact implies that periderm
regression in the fetal skin is a similar event to the keratinization
of mature epidermis.
Recently, abnormal CCE has been reported to be the cause of
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several congenital skin diseases of cornification, including lamellar
ichthyosis (Huber et al, 1995; Russell et al, 1995), Vohwinkel’s
syndrome (Maestrini et al, 1996; Korge et al, 1997), autosomal
dominant erythrokeratoderma (Ishida-Yamamoto et al, 1997b), and
mutilating palmoplantar keratoderma (Akiyama et al, 1998). In this
context, our findings are not only important for understanding the
developmental mechanism of cornified cells, but also provide an
important clue to clarifying the pathomechanism of congenital
cornification disorders, especially, severe ichthyosis which have
their onset in the fetal period.
In a previous report on ontogenic expression of TGase 1 in
developing human fetal skin (Polakowska et al, 1994), the periderm
cells were positive for TGase 1 from about 65 d EGA and the
underlying epidermal cell layers became positive for TGase 1 only
after the disappearance of the periderm. The discrepancy in the
expression pattern of TGase 1 between the previous report and
our observation is thought to be due to the difference in nature of
anti-TGase 1 antibody used in each study. Anti-TGase 1 antibody,
B.C1, was used in the report of Polakowska et al (1994). Immuno-
logic and protein chemical analyses, however, revealed that the
major epitope of several batches of the commercially available form
of the B.C1 antibody resides on SPRP2 (Kim et al, 1995). Thus,
we employed a newly developed anti-TGase 1 antibody (Kim et al,
1995) whose epitope(s) is located in the central core of TGase 1.
Using this antibody, TGase 1 expression is detected in the entire
epidermis of mature skin (Kim et al, 1995; Akiyama et al, 1997).
From our results, TGase 2 was expressed in the entire epidermis
throughout epidermal development. On the other hand, expression
of TGase 1 and 3 in the periderm cells preceded their expression
in the other epidermal layers. Our findings suggest that TGase,
especially TGase 2, work not only in CCE formation but also in
other processes of the epidermal morphogenesis.
In conclusion, our ultrastructural and immunohistologic studies
confirmed that periderm cells indeed form CCE by coordinated
expressions of CCE precursor proteins, TGase, and LGP and
periderm regression was suggested to be a similar process in terms
of CCE formation to the subsequent epidermal keratinization.
We thank Dr. W. Michael O’Guin for his generous gift of AE17 antibody; Dr.
Soo-Youl Kim for providing us the anti-TGase antibodies; Dr. Akemi Ishida-
Yamamoto for her generous help and Ms. Megumi Sato, Ms. Yuriko Kanzaki,
Ms. Yu Umebayashi, Ms. Shuko Nonaka, Ms. Marcia L. Usui, and Mr. Robert
A. Underwood for their fine technical assistance on this project. This work was
supported in part by Grant-in-Aid for Encouragement of Young Scientists (nos
08770700 and 9770668) to M.A. from the Ministry of Education, Science,
Sports and Culture of Japan and by grants to L.T.S. (HD-17664 and AR-
21557) from the National Institutes of Health, U.S.A and support from the
George F. Odland Endowment Funds.
REFERENCES
Akiyama M, Kim S-Y, Yoneda K, Shimizu H: Expression of transglutaminase 1
(transglutaminase K) in harlequin ichthyosis. Arch Dermatol Res 289:116–
119, 1997
Akiyama M, Christiano AM, Yoneda K, Shimizu H: Abnormal cornified cell
envelope formation in mutilating palmoplantar keratoderma unrelated to
epidermal differentiation complex. J Invest Dermatol 111:133–138, 1998
Backendorf C, Hohl D: A common origin for cornified envelope proteins? Nature
Genet 2:91, 1992
Bickenbach JR, Greer JM, Bundman DS, Rothnagel JA, Roop DR: Loricrin
expression is coordinated with other epidermal proteins and the appearance of
lipid lamellar granules in development. J Invest Dermatol 104:405–410, 1995
Breathnach AS, Wyllie LM: Fine structure of cells forming the surface layer of the
epidermis in human fetuses at fourteen and twelve weeks. J Invest Dermatol
45:179–189, 1965
Eckert RL, Yaffe MB, Crish JF, Murthy S, Rorke EA, Welter JF: Involucrin—
structure and role in envelope assembly. J Invest Dermatol 100:613–617, 1993
Elias PM: Epidermal lipids, barrier function, and desquamation. J Invest Dermatol
80:40–49, 1983
Gibbs S, Fijneman R, van Wiegant J, Kessel AG, van De Putte P, Backendorf C:
Molecular characterization and evolution of the SPRR family of keratinocyte
differentiation markers encoding small proline-rich proteins. Genomics 16:630–
637, 1993
Greenberg CS, Birckbichler PJ, Rice RH: Transglutaminases: multifunctional cross-
linking enzyme that stabilizes tissues. FASEB J 5:3071–3077, 1991
Hohl D: Cornified cell envelope. Dermatologica 180:201–211, 1990
Hohl D, Mehrel T, Lichti U, Turner ML, Roop DR, Steinert PM: Characterization
of human loricrin. Structure and function of a new class of epidermal cell
envelope proteins. J Biol Chem 266:6626–6636, 1991
Hohl D, de Viragh PA, Amiguet-Barras F, Gibbs S, Backendorf C, Huber M: The
small proline-rich proteins constitute a multigene family of differentially
regulated cornified cell envelope precursor proteins. J Invest Dermatol 104:902–
909, 1995
Holbrook KA: Human epidermal embryogenesis. Int J Dermatol 18:329–356, 1979
Holbrook KA, Odland GF: The fine structure of developing human epidermis: light,
scanning, and transmission electron microscopy of the periderm. J Invest
Dermatol 65:16–38, 1975
Hoyes AD: Electron microscopy of the surface layer (periderm) of human fetal skin.
J Anat 103:321–336, 1968
Huber M, Rettler I, Bernasconi K, et al: Mutations of keratinocyte transglutaminase
in lamellar ichthyosis. Science 267:525–528, 1995
Ishida-Yamamoto A, Kartasova T, Mastuo S, Kuroki T, Iizuka H: Involucrin and
SPRR are synthesized sequentially in differentiating cultured epidermal cells.
J Invest Dermatol 108:12–16, 1997a
Ishida-Yamamoto A, McGrath JA, Lam H-M, Iizuka H, Christiano AM: The
molecular basis of autosomal dominant erythrokeratoderma: a frameshift
mutation in the loricrin gene. Am J Hum Genet 61:581–589, 1997b
Jarnik M, Simon MN, Steven AC: Cornified cell envelope assembly: a model based
on electron microscopic determinations of thickness and projected density.
J Cell Sci 111:1051–1060, 1998
Kartasova T, van den Putte P: Isolation, characterization, and UV-stimulated
expression of two families of genes encoding polypeptides of related structure
in human epidermal keratinocytes. Mol Cell Biol 8:2195–2203, 1988
Kim I-G, McBride OW, Wang M, Kim S-Y, Idler WW, Steinert PM: Structure and
organization of the human transglutaminase 1 gene. J Biol Chem 267:7710–
7717, 1992
Kim S-Y, Chung S-I, Yoneda K, Steinert PM: Expression of transglutaminase 1 in
human epidermis. J Invest Dermatol 104:211–217, 1995
Korge BP, Ishida-Yamamoto A, Pu¨nter C, et al: Loricrin mutation in Vohwinkel’s
keratoderma is unique to the variant with ichthyosis. J Invest Dermatol 109:604–
610, 1997
Maestrini E, Monaco AP, McGrath JA, et al: A molecular defect in loricrin, the
major component of the cornified cell envelope, underlies Vohwinkel’s
syndrome. Nature Genet 13:70–77, 1996
Marvin KW, George MD, Fujimoto W, Saunders NA, Bernacki SH, Jetten AM:
Cornifin, a cross-linked envelope precursor in keratinocytes that is down-
regulated by retinoids. Proc Natl Acad Sci USA 89:11026–11030, 1992
Mehrel T, Hohl D, Rothnagel JA, et al: Identification of a major keratinocyte cell
envelope protein, loricrin. Cell 61:1103–1112, 1990
Mercer BM, Sklar S, Shariatmadar A, Gillieson MS, D’Alton ME: Fetal foot length
as a predictor of gestational age. J Obstet Gynecol 156:350–355, 1987
O’Guin WM, Manabe M, Sun T-T: Association of a basic 25K protein with
membrane coating granules of human epidermis. J Cell Biol 109:2313–
2232, 1989
Odland GF, Holbrook KA: The lamellar granules of epidermis. Curr Probl Dermatol
9:29–49, 1981
Perry TB, Holbrook KA, Hoff MS, Hamilton EF, Senikas V, Fisher C: Prenatal
diagnosis of congenital nonbullous ichthyosiform erythroderma (lamellar
ichthyosis). Prenat Diagn 7:145–155, 1987
Polakowska RR, Piacentini M, Bartlett R, Goldsmith LA, Haake AR: Apoptosis in
human skin development: morphogenesis, periderm, and stem cells. Dev
Dynamics 199:176–188, 1994
Reichert U, Michel S, Schmidt R. The cornified envelope: a key structure of
terminally differentiated keratinocytes. In: Darmon M, Blumenberg M (eds).
Molecular Biology of the Skin. San Diego: Academic Press, Inc., 1993, pp. 107–150
Reynolds ES: The use of lead citrate at high pH as an electron-opaque stain in
electron microscopy. J Cell Biol 17:208–212, 1963
Rice RH, Green H: Presence in human epidermal cells of a soluble protein precursor
of the cross-linked envelope: activation of the cross-linking by calcium ions.
Cell 18:681–694, 1979
Richardson KC, Jarett L, Finke EH: Embedding in epoxy resins for ultrathin
sectioning in electron microscopy. Stain Technol 35:313–323, 1960
Rothnagel JA, Mehrel T, Idler WW, Roop DR, Steinert PM: The gene for mouse
epidermal filaggrin precursor. J Biol Chem 262:15643–15648, 1987
Russell LJ, DiGiovanna JJ, Rogers GR, Steinert PM, Hashem N, Compton JG,
Bale SJ: Mutations in the gene for transglutaminase 1 in autosomal recessive
lamellar ichthyosis. Nature Genet 9:279–283, 1995
Shepard TH. Normal and abnormal growth patterns. Growth and development of
the human embryo and fetus. In: Gardner LI (ed.). Endocrine and Genetic
Diseases of Childhood and Adolescence. Philadelphia: W.B. Saunders, 1975, pp.
1–8
Shimizu H, McDonald JN, Kennedy AR, Eady RA: Demonstration of intra- and
extracellular localization of bullous pemphigoid antigen using cryofixation
and freeze substitution for postembedding immunoelectron microscopy. Arch
Dermatol Res 281:443–448, 1989
Shimizu H, Ishida-Yamamoto A, Eady RA: The use of silver-enhanced 1-nm gold
probes for light and electron microscopic localization of intra- and extracellular
antigens in skin. J Histochem Cytochem 40:883–888, 1992
VOL. 112, NO. 6 JUNE 1999 CCE IN HUMAN EPIDERMAL DEVELOPMENT 909
Steinert PM, Marekov LN: The proteins elafin, filaggrin, keratin intermediate
filaments, loricirn, and small proline-rich proteins 1 and 2 are isodipeptide
cross-linked components of the human epidermal cornified cell envelope.
J Biol Chem 270:17702–17711, 1995
Steven AC, Steinert PM: Protein composition of cornified cell envelopes of epidermal
keratinocytes. J Cell Sci 107:693–700, 1994
Tarcsa E, Marekov LN, Andreoli J, Idler WW, Candi E, Chung S-I, Steinert PM:
The fate of trichohyalin: sequential post-translational modifications by peptidyl-
arginine deiminase and transglutaminases. J Biol Chem 272:27893–27901, 1997
Wolf J: Structure and function of the periderm. I. Superficial structure of the
periderm epithelium. Folia Morphol (Prague) 15:296–305, 1967a
Wolf J: Structure and function of the periderm. II. Inner structure of periderm cells.
Folia Morphol (Prague) 15:306–317, 1967b
Wolf J: The relation of the periderm to amniotic epithelium. Folia Morphol (Prague)
15:384–392, 1967c
Wolf J: The replacement of periderm by epidermis. Folia Morphol (Prague) 16:24–
35, 1968a
Wolf J: Curve of development and disappearance of peridermal phase of human
embryonic skin demonstrated by the replica method. Folia Morphol (Prague)
16:36–42, 1968b
Yoneda K, Hohl D, McBride OW, Wang M, Cehrs KU, Idler WW, Steinert PM:
The human loricrin gene. J Biol Chem 267:18060–18066, 1992
Yoneda K, Steinert PM: Overexpression of human loricrin in transgenic mice
produces a normal phenotype. Proc Natl Acad Sci USA 90:10754–10758,
1993
